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Infectious diseases represent the most serious threat to shrimp farming worldwide. Understanding the
molecular mechanisms driving shrimp-pathogen interactions is necessary for developing strategies to
control disease outbreaks in shrimp production systems. In the current study, we experimentally repro-
duced mortality events using standardized infections to characterize the hemocyte transcriptome
response of the shrimp Litopenaeus vannamei succumbing to infectious diseases. By using a high-through-
put microﬂuidic RT-qPCR approach, we identiﬁed molecular signatures in shrimp during lethal infections
caused by the White Spot Syndrome Virus (WSSV) or the ﬁlamentous fungus Fusarium solani. We success-
fully identiﬁed gene expression signatures shared by both infections but also pathogen-speciﬁc gene
responses. Interestingly, whereas lethal WSSV infection induced the expression of antiviral-related genes,
the transcript abundance of many antimicrobial effectors was reduced by lethal F. solani infection. To our
knowledge, this is the ﬁrst report of the immune-gene repertoire of infected shrimp at the brink of death.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Interactions between host and pathogens have shaped the
invertebrate immune system over the past million years. According
to the evolutionary Red Queen hypothesis, pathogens are continu-
ously evolving new strategies to challenge the immune response of
hosts and, consequently, host immune systems have improved
mechanisms of defense (Valen, 1974). Thus, an imbalance of
host–pathogen interactions may result by either the successful
elimination of the infectious agents or by causing a serious threat
to the host. This is particularly true for farmed shrimp that have
suffered frequent and severe mortality events worldwide (Flegel,
2012).
Penaeid shrimp harbor a wide range of natural and opportunis-
tic pathogens with viruses being by far the most important risk to
shrimp farming worldwide (Flegel, 2012; Flegel and
Sritunyalucksana, 2011). Since its ﬁrst appearance in the 1990’s
in Taiwan, the White Spot Syndrome Virus (WSSV) has been
identiﬁed as the most serious pathogen infecting all cultivated
penaeid shrimp as well as wild crustaceans (Flegel andSritunyalucksana, 2011). Mass mortality events in shrimp farming
due to infectious diseases have been linked to both environmental
factors and aquaculture practices. Under stressful circumstances,
some opportunistic microorganisms can become pathogenic, lead-
ing to the establishment of new diseases. The classical examples
are ﬁlamentous fungi and bacteria of the genus Vibrio (Bachère
et al., 2004; Lightner, 1988; Lightner et al., 2012). Opportunistic
infections in shrimp have been associated with losses in both larval
and juvenile stages (Saulnier et al., 2000).
The economic impact of mass mortalities in shrimp farming has
intensiﬁed the efforts of researchers and aquaculture producers to
develop strategies to overcome disease outbreaks. In this context,
many transcriptome- and proteome-wide studies have been
performed in the last decades in order to characterize shrimp im-
mune effectors and immune responses to infections (reviewed in
(Bachère et al., 2004; Hauton, 2012; Robalino et al., 2009)). These
studies have provided valuable information for understanding
the molecular mechanisms driving shrimp–pathogen interactions.
Although the published high-throughput molecular studies have
explored the shrimp immune response upon different viral and
microbial infections, no previous studies have investigated the
gene expression proﬁle of shrimp during mortality events. Here,
we improve upon knowledge of shrimp immune response with
the identiﬁcation of hemocyte gene expression signatures associ-
ated with imminent death resulting from pathogenic infections.
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hemocyte transcriptome response of the penaeid shrimp Litopena-
eus vannamei succumbing to two unrelated lethal infections. High-
throughput microﬂuidic RT-qPCR analyses provided a general
overview of the molecular functions regulated by lethal infections
and also evidenced pathogen-speciﬁc gene expression signatures.
While lethal WSSV infection induced the expression of many anti-
viral-related genes, in shrimp succumbing to infection by the
opportunistic ﬁlamentous fungus Fusarium solani the mRNA levels
of most of the analyzed genes were reduced. This study represents
the ﬁrst transcriptome analysis of the immune functions affected
in penaeid shrimp at imminent death by pathogenic infections.2. Materials and methods
2.1. Shrimp
Speciﬁc pathogen-free (SPF) Litopenaeus vannamei (10 ± 2 g)
were obtained from the Laboratory of Marine Shrimp (Federal Uni-
versity of Santa Catarina, Brazil) and transferred to aerated aquaria
(23 ± 4 C; salinity: 32–34‰) for at least 72 h prior to their use.
Only male and female animals at intermolt stage were used in
the experiments.
2.2. Experimental viral and fungal infections
To assess transcriptomic responses of shrimp succumbing to
pathogenic infections, experimental infections were carried out
with the shrimp viral pathogen White Spot Syndrome Virus
(WSSV) and the opportunistic ﬁlamentous fungus Fusarium solani.
For both pathogens, we standardized doses sufﬁcient to cause 100%
mortality within 6 days. WSSV inoculum was prepared from
WSSV-infected shrimp tissue following the protocol previously de-
scribed by (Prior et al., 2003) with slight modiﬁcations. Brieﬂy,
abdomen tissues from infected shrimp were homogenized in a
sterile saline solution (330 mM NaCl, 10 mM Tris, pH 7.4)
(1:10 w/v) using a hand blender. The mixture was centrifuged
(2000g, 20 min, 4 C) and the supernatant ﬁltered through
0.45 lm membrane ﬁlter. Tissue homogenate from WSSV-free
shrimp was used as control. Fungal inoculum was prepared from
cultures of the shrimp pathogen F. solani, following the method de-
scribed by (Goncalves et al., 2012). Brieﬂy, pure cultures were
grown in potato dextrose agar at 30 C in the dark for 10 days.
Spores were then harvested from the agar surface in sterile saline
solution, ﬁltered through cheese cloth, and centrifuged (500g,
10 min). Spore pellets were washed twice with sterile saline solu-
tion and the concentration was adjusted in a Neubauer chamber.
Lethal experimental infections were carried out by the intra-
muscular injection of 50 ll of viral (1.3  107 viral particles) or
fungal (5  106 spores) inoculum into the shrimp dorsal region.
Naïve shrimp (i.e. non-injected animals at time 0 h) and unchal-
lenged shrimps (i.e. injected with WSSV-free inoculum or sterile
saline solution) were used as controls for both viral and fungal
infections. Mortalities were monitored twice a day. Kaplan–Meier
cumulative survival curves were generated for both infections
and compared with log–rank tests. WSSV and F. solani infections
were conﬁrmed in infected shrimp by using the PCR-based assay
previously described by (Lo et al., 1996) and (Lee et al., 2000),
respectively.
2.3. RNA extraction and speciﬁc target ampliﬁcation
Shrimp hemolymph was withdrawn into a modiﬁed Alsever
solution (27 mM sodium citrate, 336 mM NaCl, 115 mM glucose,
9 mM EDTA, pH 7.0) (Rodriguez et al., 1995) from challenged andunchallenged animals at 24 and 48 h post-injection. Hemocytes
were separated from the plasma by centrifugation (800g, 10 min,
4 C) and the cell pellet was used for RNA extraction.
Total RNA was extracted from pooled hemocyte samples (3
pools of 3 animals per condition) using TRIzol reagent (Invitro-
gen) and treated with DNase I (Fermentas) to eliminate contami-
nating genomic DNA. Total RNA concentration and purity were
checked by using a NanoVue (GE General Eletric Healthcare) spec-
trophotometer. Following heat denaturation (70 C for 5 min), re-
verse transcription was performed using 1 lg of puriﬁed total
RNA with 50 ng/ll oligo(dT)12–18 in a 20 ll reaction volume con-
taining the ImProm-II™ reverse transcriptase (Promega), according
to the manufacturer’s instructions.
In order to increase the number of cDNA templates, a preampli-
ﬁcation PCR was performed using 1.25 ll of cDNA, 1.25 ll of a mix-
ture of forward and reverse primers (200 nM each) and 2.5 ll of
2  TaqManPreAmpMaster Mix (Applied Biosystems) (Jang
et al., 2011). PCR cycling conditions were as follows: polymerase
activation at 95 C for 10 min, followed by 14 cycles of 95 C for
15 s and 60 C for 4 min. Preampliﬁcation products were diluted
to 1:5 in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5) and stored
at 20 C.
2.4. High-throughput RT-qPCR using 96.96 microﬂuidic dynamic
arrays
A total of 68 hemocyte-expressed genes of broad relevance to
immune system were chosen, including antimicrobial proteins/
peptides (e.g. penaeidins, anti-lipopolysaccharide factors, crustin),
proteases and protease inhibitors (e.g. cathepsins, alpha2-macro-
globulins, serpins), prophenoloxidase system-related proteins
(e.g. prophenoloxidase, prophenoloxidase-activating enzymes),
antioxidants (e.g. superoxide dismutase, catalase, glutathione S-
transferase), cytokines and signaling molecules (e.g. astakine, toll
receptor, STAT), homeostase and coagulation (e.g. hemolymph clot-
table protein, transglutaminase), antiviral-related molecules (e.g.
Dicer proteins, argonautes, Sid-1), apoptosis and autophagy (e.g.
caspase 3, inhibitor of apoptosis, Rab7, Ras-related protein Rab-
11) and other immune-related genes (e.g. HSP70, HSP90, histones
H1 and H3) (Appendix A). The expression levels of the selected
genes were evaluated by using the high-throughput microﬂuidic
RT-qPCR platform BioMark™ (Fluidigm 96.96 dynamic array sys-
tems) (Jang et al., 2011). The sample reaction mixtures were per-
formed in a ﬁnal volume of 5 ll containing 1.25 ll of
preampliﬁed cDNA (diluted 1:5), 2.5 ll of 2  TaqManGene
Expression Master Mix (Applied Biosystems), 0.25 ll of 20 DNA
Binding Dye Sample Loading Reagent (Fluidigm), 0.25 ll of 20
EvaGreen (Biotium) and 0.75 ll of TE buffer. Primer reaction mix-
tures were made in the same volume of 5 ll containing 2.5 ll of 2
Assay Loading Reagent (Fluidigm), 1.25 ll of 20 lM of forward and
reverse primer mix and 1.25 ll of TE buffer. Both sample and pri-
mer reaction mixtures were loaded into the dynamic array chip
that was subsequently placed on the NanoFlex™ 4-IFC Controller
for loading and mixing. After approximately 50 min, the chip was
transferred to the BioMark™ Real-Time PCR System.
The cycling program used consisted of 10 min at 95 C followed
by 40 cycles of 95 C for 15 s and 1 min at 60 C. Melting curves
analysis was performed after completed RT-qPCR collecting ﬂuo-
rescence between 60–95 C at 0.5 C increments. Data were ana-
lyzed using the BioMark™ Real-time PCR analysis software to
obtain Cq values. The 40S ribosomal protein S6 (LvRpS6; GenBank:
FE080516/FE095908) and S3A ribosomal protein (LvRpS3A; Gen-
Bank: BF023924) were selected as endogenous reference genes.
Results were presented as changes in relative expression normal-
ized with the arithmetic mean of the Cq values of the two reference
genes (Livak and Schmittgen, 2001). Statistical signiﬁcance was
Fig. 2. Percentage distribution of the expression proﬁle of hemocyte genes in
shrimp succumbing to viral and fungal infections. (A) Overview of gene expression
proﬁling in response to both lethal infections and to (B) viral and fungal infections.
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key’s or Games–Howell’s test, respectively, at p < 0.05.
3. Results
3.1. Standardization of experimental viral and fungal infections
To assess the immune gene expression proﬁle of L. vannamei
succumbing to infectious diseases, we established lethal doses
for two unrelated shrimp pathogens: the White Spot Syndrome
Virus (WSSV) and the ﬁlamentous fungus F. solani. Different doses
of both pathogens were tested and a dose–response effect was ob-
served on shrimp mortality (data not shown). Then, doses sufﬁ-
cient for 100% mortality over the same time-period were
selected. Shrimp injected with 1.3  107 particles of WSSV and
5  106 spores of F. solani succumbed to the lethal challenge within
6 days (Fig. 1). Until the ﬁrst 3 days post-injection, shrimp survival
proﬁle was very similar for both experimental infections, and the
peaks of mortalities were reached at day 5 and 6 upon WSSV and
F. solani challenge, respectively.
WSSV-infected shrimp showed erratic swimming, low food in-
take and reddish pleopods. F. solani-infected shrimp also displayed
a lethargic behavior, but melanized lesions, especially in the gills.
We validated our experimental infection assay by generating Kap-
lan–Meier survival curves followed by the log rank test, which con-
ﬁrmed the same mortality patterns for both experiments (Fig. 1).
For the control groups (shrimp injected with WSSV-free inoculum
or sterile saline solution), 92–100% survival was observed 6 days
post-injection, whereas 100% survival was recorded for non-
injected naïve shrimp (data not shown).
3.2. The hemocyte transcriptome proﬁle of shrimp succumbing to
pathogenic infections
To obtain a general overview of the shrimp immune functions
affected by pathogenic infections, we analyzed the temporal
expression proﬁle of 68 selected hemocyte-expressed genes with
broad relevance to immune defense (Appendix A). The expression
levels of these genes were measured in the circulating hemocytes
of L. vannamei, at 24 and 48 h after lethal WSSV or F. solani injec-
tions, by using a high-throughput microﬂuidic RT-qPCR approach.
High-throughput RT-qPCR analyses generated 2100 Cq values.
The transcript levels of both WSSV- and F. solani-infected groups
were compared to the transcript levels of control groups (shrimpFig. 1. Kaplan–Meier survival curves of Litopenaeus vannameinjected with WSSV-free inoculum or saline solution) at each
sampling time point (24 and 48 h). Subsequently, we performed
a hierarchical clustering to identify hemocyte gene expression sig-
natures associated with shrimp susceptibility to pathogenic infec-
tions. Using a cutoff of 2-fold change in expression level, the
analysis of the RT-qPCR data set revealed that 37% of the analyzed
genes were modulated neither by WSSV nor by F. solani infections
(Fig. 2A). These included sequences from different functional cate-
gories, such as the anti-lipopolysaccharide factors (ALF) members
Litvan ALF-A, -B and -D (antimicrobial proteins/peptides), double
WAP domain-containing protein (LvDWD) (protease inhibitors),
glutathione peroxidase (antioxidants), tumor necrosis factor
receptor-associated factor 6 (LvTRAF6) (signaling molecules),
double-stranded RNA-speciﬁc endonuclease Dicer-1 (LvDcr1)
(antiviral-related molecules), Rab7 and Ras/Rho-homologue
protein (autophagy) and the chromosomal protein of high mobility
group b (LvHMGBb) and the heat shock protein LvHSP70. In
contrast, 28% of the analyzed genes were modulated by both infec-
tions (Fig. 2A). Most of these modulated genes were up or down-
regulated by both infections, but some genes were up-regulated
by the WSSV infection and down-regulated by the F. solani
infection (and vice versa). Finally, we identiﬁed a set of genes
whose expression was speciﬁc for WSSV (9%) or for F. solani
(26%) infections (Fig. 2A).i shrimp during lethal (A) viral and (B) fungal infections.
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genes
Further characterization of the hemocyte transcriptome proﬁle
revealed that lethal WSSV infection modulated 25 of the 68 genes
(36.8%) (Fig. 2B). Hierarchical clustering of these 25 gene expres-
sion proﬁles accurately distinguished WSSV-infected shrimp from
control group (shrimp injected with WSSV-free inoculum)
(Fig. 3A). Considering only the WSSV-infected group, shrimp at
24 and 48 h post-infection was split into two different clusters,
indicating a time-course gene expression proﬁle for the lethal
WSSV infection (Fig. 3A).
From the 25 genes modulated by the lethal WSSV infection, 11
were up-regulated and 11 down-regulated. Lethal WSSV
infection induced the expression of many genes associated with
antiviral immunity in crustaceans, such as argonaute protein 2
(Lv-Ago 2) (4.6-fold), LvDcr2 (2.4-fold) and the transmembrane
protein Sid-1 (Lv-Sid 1) (2.2-fold), especially at 48 h post-infection
(Fig. 3A). The hemocyte homeostasis-associated protein (LvHHAP),
a newly recognized viral responsive protein, and the c-interferon-
inducible lysosomal thiol reductase (LvGILT) were also highlyFig. 3. Hierarchical clustering analysis of the hemocyte-expressed genes regulated at 24
were analyzed in three biological replicates for both experimental (WSSV- or F. solani-
solution) groups.induced (5.4-fold and 9.7-fold, respectively) in WSSV-infected
shrimp. A similar increase in transcript abundance was observed
for the antimicrobial peptide Litvan PEN2, the cysteine protease
cathepsin C (LvCathC), peroxiredoxin (Lv-PRX), LvHMGBa, the
cytokine astakine (LvAstakine) and the Toll receptor (lToll)
(Figs. 3A and 4).
In contrast, expression levels of many proteases, protease inhib-
itors and phenoloxidase-related proteins were decreased by the
lethal WSSV infection. Particularly, the transcript abundance of
the protease inhibitors alpha2-macroglobulin 1 (Lva2M-1) and
cystatin B (LvCysB) were found to be strongly reduced (up to
13.8-fold and 10.1-fold, respectively), especially at 24 h post-
infection (Fig. 4). Similarly, the transcript levels of both hemo-
lymph clottable protein (LvClot) and Litvan ALF-C were
signiﬁcantly lower (up to 8.2-fold and 6.3-fold, respectively) both
at 24 and 48 h after challenge (Fig. 3A). Interestingly, three genes
showed time-dependent changes in gene expression: the argona-
ute protein 1 (Lv-Ago 1), the alpha2-macroglobulin 2 (Lva2M-2)
and the shrimp LvDorsal (Rel/NF-jB transcription factor)
(Figs. 3B and 4). The transcript abundance of all these genes was
increased at 24 h and decreased at 48 h post-infection.h and 48 h after lethal (A) viral and (B) fungal infections. Gene expression proﬁles
infected shrimp) and control (shrimp injected with WSSV-free inoculum or saline
Fig. 4. Pathogen-speciﬁc gene expression proﬁling in shrimp succumbing to WSSV or F. solani infections. Differential expression of hemocyte-expressed genes was analyzed
in three biological replicates for both experimental (I; WSSV- or F. solani-infected shrimp) and control (C, shrimp injected with WSSV-free inoculum or saline solution; and U,
unchallenged shrimp) groups by using a high-throughput RT-qPCR approach. Results are presented as mean ± standard deviation of relative expressions and statistically
signiﬁcant differences among conditions are indicated by different letters (one-way ANOVA/Tukey or Welch ANOVA/Games–Howell, p < 0.05).
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related genes
In comparison to the lethal WSSV infection, in shrimp succumb-
ing to fungal infection the transcript levels of most modulated
genes were shown to be reduced in the circulating hemocytes.
From the 37 genes modulated by lethal F. solani infection, the
transcript levels of 29 genes (78%) were reduced (Fig. 2B), repre-
senting 43% of the total genes analyzed. As shown in the hierarchi-
cal clustering (Fig. 3B), the most negatively affected functional
categories were the antimicrobial proteins/peptides, proteases,
protease inhibitors, prophenoloxidase-related proteins, antioxi-
dants and genes associated with homeostasis and coagulation. As
observed for the lethal WSSV infection, the expression proﬁle of
the genes modulated by the fungal infection could also distinguish
F. solani-infected shrimp from unchallenged animals (control)
(Fig. 3B).
Among the functional categories most negatively modulated by
the lethal F. solani infection, AMPs showed the most drastic drop in
transcript levels. For instance, Litvan PEN2 transcripts decreased
38.1-fold at 24 h and 15.8-fold at 48 h in comparison to saline-in-
jected animals (control). A similar expression proﬁle was observed
for Litvan PEN3 and -4, stylicins and crustin (up to 15.6-fold)
(Fig. 4). Besides, the expression of proteases, protease inhibitorsand prophenoloxidase-related proteins also shown to be impli-
cated in antifungal defenses, was highly reduced in hemocytes of
F. solani-infected shrimp. The transcript abundance of genes from
these functional categories (e.g. cathepsins, Kazal-type protease
inhibitor, alpha2-macroglobulins, prophenoloxidases and prophe-
noloxidase-activating enzymes) was decreased up to 21-fold over
the course of the lethal fungal infection.
In regards to the 22% of genes whose expression was induced by
the lethal fungal infection, we observed sequences from different
functional categories (Fig. 3B). The expression of Litvan ALF-C,
Lv-PRX, LvHSP90, LvGILT and the Single von Willebrand factor type
C domain protein 1 (LvSVC1) genes was up to 13.4-fold higher in F.
solani-infected shrimp. Only the LvClot gene displayed a time-
dependent expression proﬁle in response to the lethal fungal
infection (Fig. 3B). LvClot transcript levels were increased at 24 h
(2.2-fold) and then decreased at 48 h (2.2-fold). Besides,
transglutaminase expression levels also decreased (3.2-fold) at
48 h in F. solani-challenged shrimp.
3.5. Pathogen-speciﬁc molecular signatures to viral and fungal
infections
Results from our high-throughput RT-qPCR analysis clearly re-
vealed pathogen-speciﬁc gene expression signatures in hemocytes
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deed, we identiﬁed genes up or down-regulated speciﬁcally in re-
sponse to a given pathogen, but also genes with contrasting gene
expression proﬁles. LvDcr2, a key component in RNA interference
(RNAi) pathway, was found to be up-regulated (2.4-fold) 48 h after
WSSV challenge, while its expression levels were not affected by
fungal infection (Fig. 4). Comparatively, the transcript abundance
of Litvan PEN4 and crustin decreased up to 9.4-fold only after F.
solani lethal infection (Fig. 4). Finally, we identiﬁed contrasting
expression proﬁle for some immune-related genes according to
the pathogen. For instance, LvCathCmRNA levels increased 2.4-fold
at 48 h upon WSSV infection, and decreased during the course of
the fungal infection (up to 4-fold). A similar gene expression proﬁle
was also found for Lv-Ago 1 (Fig. 4).4. Discussion
Providing the molecular response repertoire derived from path-
ogenic infections is essential to develop strategies to prevent mor-
talities related to infectious diseases in the natural environment
and on aquaculture farms. Here, through a transcriptome-wide
expression analysis, we successfully identiﬁed mortality-related
gene expression signatures in shrimp succumbing either to viral
or to fungal infections. To understand the mechanisms that under-
lie infectious diseases in shrimp, many studies have been con-
ducted to identify genes that are regulated by pathogens.
Particular attention was paid to WSSV due to its catastrophic im-
pact to shrimp production worldwide (James et al., 2010; Jeswin
et al., 2013; Li et al., 2013; Robalino et al., 2007; Wang et al.,
2008, 2010). Although it is widely established that this virus causes
high levels of mortality within just a few days after infection,
changes in differential gene expression that precede the mortality
event have been rarely investigated. Even more unexplored are the
molecular mechanisms involved in fungal infections. This study is
the ﬁrst to report a transcriptomic analysis of shrimp infected by
fungus. We provide the conditions for a lethal fungal challenge
able to kill shrimp within the same time-course that WSSV does.
Our study, therefore, explored the immune-gene repertoire in
shrimp succumbing to viral and fungal infections.
High-throughput gene expression proﬁling of infected shrimp
revealed pathogen-speciﬁc gene responses, which were identiﬁed
as transcriptional signatures speciﬁc to WSSV or F. solani. These
molecular signatures were deﬁned as striking functional categories
potentially involved in an imminent death caused by virus or fun-
gus. Antiviral-related genes were remarkably induced particularly
upon WSSV challenge. This is not surprising considering that most
of the antiviral-related genes analyzed mediate the RNAi machin-
ery, which has been demonstrated to act as an antiviral mechanism
in different biological groups, including crustaceans (Labreuche
and Warr, 2013; Lu et al., 2005; Robalino et al., 2005; Wilkins
et al., 2005). Sid-1, argonaute and Dicer proteins, which were
shown here to be up-regulated by WSSV, are directly involved in
double-stranded RNA import, recognition and degradation during
viral replication, respectively (Labreuche et al., 2010; Aliyari and
Ding, 2009; Castanotto and Rossi, 2009; Saleh et al., 2006; Hannon,
2002; Winston et al., 2002). A similar up-regulation response of
genes involved in RNAi pathway was also observed in Fenneropena-
eus chinensis shrimp during an acute WSSV infection (Li et al.,
2013). In our study, other antiviral molecules not directly involved
in the RNA machinery were also found to be up-regulated by the
lethal viral infection, such as LvHHAP and LvGILT. Therefore, our
ﬁndings revealed that lethal WSSV infection activates RNAi
machinery and other pathways to antiviral defense and also stated
high levels of antiviral-related genes as a molecular signature spe-
ciﬁc to WSSV. Nevertheless, the activation of the antiviral host de-fense appeared to be not sufﬁcient for protecting shrimp during a
lethal WSSV infection.
The gene expression proﬁle of AMPs was characteristic of the
mortality-associated signature of F. solani infection. Shrimp AMPs
have been described to display a strong antifungal activity
(Destoumieux et al., 1999; Rolland et al., 2010; Rosa et al., 2013).
Our ﬁndings showed that shrimp mortality by F. solani was pre-
ceded by a pronounced decrease in transcript abundance (up to
38-fold) of different shrimp AMPs (e.g. Litvan PEN2, -3 and -4,
stylicins, crustin and Litvan ALF-C). In previous studies, under
non-lethal microbial challenge (heat-killed bacteria and fungal
spores), AMPs mRNA levels also showed a dramatic drop in the
early hours post-injection, as consequence of the recruitment of
hemocytes to sites of injury (reviewed in (Bachère et al., 2004;
Rosa and Barracco, 2010)). Nevertheless, AMPs expression returned
to initial levels at about 24–72 h after non-lethal injection, due to
the activation of hematopoiesis (Bachère et al., 2004). However,
upon lethal fungal infection, we found that the low levels of AMP
transcripts were maintained until the onset of death (72 h post-
infection). The decrease in AMP mRNA levels could be related to
the impairment of shrimp immune responses (cellular and humor-
al reactions) and/or hemocyte production and maturation by
hematopoietic tissues. These conditions could lead to the spread
of fungal infection and culminate in shrimp death.
When comparing the total genes that were differentially ex-
pressed following infection (virus or fungus), we observed a dra-
matic drop for 68% of the modulated genes under fungal
challenge, while the expression of only 26% decreased during
WSSV infection. This ﬁnding indicates that the onset of mortality
by F. solani has a stronger effect on suppression of the genes ana-
lyzed. The scarcity of immune-related transcripts could have re-
pressed most of shrimp physiological systems, leading to an early
mortality (within 6 days after challenge). Our results also showed
that lethal viral infections activate some responses that overlap
with those induced by fungus. Among the transcripts affected both
by viral and fungal infections, genes involved in the proPO activat-
ing system, such as the prophenoloxidase 1 (LvproPO-1) and the
protease inhibitors Lva2M-1 and LvCysB were found to be strongly
down-regulated. The activity of proPO system against bacteria and
fungi and the participation of crustacean protease inhibitors in fun-
gi clearance have been well established (Amparyup et al., 2013;
Cerenius and Söderhäll, 2004; Dieguez-Uribeondo and Cerenius,
1998), but the potential involvement of these molecules in antivi-
ral responses has remained largely unexplored. Previous studies
have also showed a down-regulation of proPO genes upon WSSV
challenge (Ai et al., 2008, 2009; Roux et al., 2002; Yeh et al.,
2009). On the other hand, the a2M gene was found to be induced
in Farfantepenaeus paulensis in response to F. solani non-lethal
infection (Perazzolo et al., 2011) and also in F. chinensis infected
with WSSV (Ma et al., 2010). Based on our ﬁndings, the activation
and control of proPO cascade, as well as the production of melanin
and toxic reactive intermediates may be compromised in virus-
and fungus-infected cells. Therefore, both virus and fungus could
inhibit the proPO activation and escape elimination by the host im-
mune defense, through the modulation of the genes encoding for
the proPO or the proPO system activators and/or regulators.
In contrast, 37% of the analyzed genes were not regulated by a
lethal microbial challenge, either WSSV or F. solani infection. Genes
from different functional categories, including AMPs and antiviral-
related molecules, were evidenced as constitutively expressed in
circulating hemocytes over 48 h of the lethal infections, indicating
that the expression of these molecules is not affected by these
pathogens. For instance, Litvan ALF-A, -B and -D were regulated
neither by viral nor fungal challenge. ALFs from the crayﬁsh Pacif-
astacus leniusculus (PlALF) and Penaeus monodon (Penmon ALF-B1,
also referred to as ALFPm3) were both induced upon WSSV infec-
300 P. Goncalves et al. / Developmental and Comparative Immunology 42 (2014) 294–301tion and showed a noteworthy capacity to interfere with WSSV
replication (Liu et al., 2006; Tharntada et al., 2009). Comparatively,
while the expression of Litvan ALF-A1 (also referred to as LvALF1)
was not modulated in L. vannamei infected with Vibrio penaeicida
or Fusarium oxysporum, WSSV reduced its expression at 54 h upon
virus injection. However, when Litvan ALF-A1 expression was sup-
pressed by injection of its corresponding dsRNA, shrimp mortality
was increased upon challenge with V. penaeicida and F. oxysporum,
but not with WSSV (de la Vega et al., 2008). Therefore the role of
ALFs in antiviral and antimicrobial defense in L. vannamei is still
uncertain and requires further investigation.
Herein we found that, among the ALF sequences analyzed, only
Litvan ALF-C was regulated by viral (down-regulated) and fungal
(up-regulated) infections. It is worth mentioning, however, that
some genes displayed a great variation in transcript levels among
the biological replicates within the same condition. Interindividual
polymorphism in hemocyte gene expression has been already de-
scribed for Crassostrea gigas oysters, particularly for immune-re-
lated genes due to their high level of sequence diversity (Rosa
et al., 2012). This great interindividual variability may also apply
to other invertebrates. If this is the case for shrimp, RT-qPCR anal-
yses at individual level could provide more reliable information on
expression of hemocyte immune-related genes.
This is the ﬁrst report of global gene expression proﬁle revealing
immune response of infected shrimp at the brink of death. The
molecular signatures identiﬁed in our study have uncovered prom-
ising candidate genes for RNAi studies. The involvement of these
target genes in the shrimp immune response and unknown cell
pathways could be deeply explored through an in vivo knockdown
functional approach. Since mortalities caused by infectious dis-
eases are a serious constraint to shrimp production worldwide,
the transcriptional signatures identiﬁed for virus and fungus might
also serve as immunomarkers of mortality events. Gene expression
signatures have improved the diagnostic of important human dis-
eases (Berry et al., 2010; van de Vijver et al., 2002) but also pro-
vided useful prognostic tools for preventing mass mortality
events in oyster aquaculture (Chaney and Gracey, 2011; Rosa
et al., 2012). Finally, our study has the potential to elucidate the
molecular basis of mortality by lethal infections, and clarify
host–pathogen interactions during the death process.
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